Propagation of Dachsous-Fat Planar Cell Polarity  by Ambegaonkar, Abhijit A. et al.
Propagation of Dachsous-FaCurrent Biology 22, 1302–1308, July 24, 2012 ª2012 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2012.05.049Report
t
Planar Cell PolarityAbhijit A. Ambegaonkar,1 Guohui Pan,1 Madhav Mani,2
Yongqiang Feng,1,3 and Kenneth D. Irvine1,*
1Howard Hughes Medical Institute, Waksman Institute and
Department of Molecular Biology and Biochemistry,
Rutgers – The State University of New Jersey, Piscataway,
NJ 08854, USA
2Kavli Institute of Theoretical Physics, Santa Barbara,
CA 93101, USA
Summary
The Fat pathway controls both planar cell polarity (PCP)
and organ growth [1, 2]. Fat signaling is regulated by the
graded expression of the Fat ligand Dachsous (Ds) and the
cadherin-domain kinase Four-jointed (Fj). The vectors of
these gradients influence PCP [1], whereas their slope can
influence growth [3, 4]. The Fj and Ds gradients direct the
polarizedmembrane localization of themyosinDachs, which
is a crucial downstream component of Fat signaling [5–7].
Here we show that repolarization of Dachs by differential
expression of Fj or Ds can propagate through the wing
disc, which indicates that Fj and Ds gradients can be mea-
sured over long range. Through characterization of tagged
genomic constructs, we show that Ds and Fat are them-
selves partially polarized along the endogenous Fj and Ds
gradients, providing a mechanism for propagation of PCP
within the Fat pathway. We also identify a biochemical
mechanism that might contribute to this polarization by
showing that Ds is subject to endoproteolytic cleavage and
that the relative levels of Ds isoforms are modulated by Fat.
Results and Discussion
Propagation of Fat-PCP through the Wing Disc
Two complementary mechanisms for coordination of PCP
have been suggested [8]. One relies upon local interactions
that enable the polarity of one cell to be coupled to that of its
neighbors. The other relies upon organ-wide gradients, whose
vectors could be interpreted by each cell. Two PCP path-
ways have been identified in metazoans, a Frizzled-dependent
pathway (Fz-PCP) and a Dachsous (Ds)- and Fat-dependent
pathway (Fat-PCP) [8]. Fat-PCP is regulated by Ds and
Fj gradients, but it has remained unclear whether coupling
mechanisms that coordinate polarity between adjacent cells
also contribute to Fat-PCP.
Dachs is polarized along the Fj and Ds gradients (Fig-
ures 1B–1E) [4, 5]. Dachs localization can be altered by
manipulating Fj or Ds expression, but initial experiments only
examined Dachs repolarization within cells with altered Fj or
Ds [5, 7]. We reasoned that if the polarity of neighboring cells
is coupled, then the influence of Fj or Ds could propagate
through a tissue. This was examined using a tagged dachs
transgene (AyDachs:Cit) that could be expressed in clones3Present address: Memorial Sloan-Kettering Institute, 408 East 69th Street,
New York, NY 10021, USA
*Correspondence: irvine@waksman.rutgers.eduindependently of manipulations of Fj or Ds. AyDachs:Cit was
crossed into flies in which Ds or Fj expression were either
increased (using UAS transgenes) or decreased (using UAS-
RNAi transgenes) within posterior cells under hedgehog (hh)-
Gal4 control.
Within the medial wing (near the hh expression border),
Dachs is preferentially detected along the sides of cells closest
to the dorsal-ventral (DV) boundary, which can be identified
by expression of Wingless (Wg) (Figures 1B and 1C). When
Ds was overexpressed in posterior cells, Dachs was relocal-
ized in nearby anterior cells, defining a reoriented vector of
polarization (Figure 2A). This repolarization was detected not
only in adjacent cells but also a few cells away, reflecting a
propagation of altered PCP from the Ds expression boundary
into the anterior compartment (Figure 2A).
Repolarization of Dachs within anterior cells was also
detected when Fj was overexpressed in posterior cells (Fig-
ure 2B) or when Ds or Fj were depleted from posterior cells
(see Figure S1 available online), and this repolarization could
be detected at a distance. When Fj was depleted or Ds was
overexpressed, Dachs was relocalized to the sides of cells
farthest from the anterior-posterior (AP) boundary (Figure 2A;
Figure S1B). Conversely, when Fj was overexpressed or Ds
was depleted, Dachs was relocalized to the sides of cells
closest to the AP boundary (Figure 2B; Figure S1A). This paral-
lels wild-type (WT), because Dachs normally accumulates on
the sides of cells closest to where Fj is highest and Ds is
lowest.
To quantify the distance over which Dachs could be repolar-
ized, we scored AyDachs:Cit clones in UAS-ds, UAS-fj, UAS-
RNAi-ds, or UAS-RNAi-fj expressing wing discs. These clones
were subdivided into distal wing, proximal wing, or dorsal
hinge. Within each disc, the number of cells from the AP
boundary to the farthest cell with evident Dachs repolarization
was recorded, as was the distance to the closest cell in which
Dachs polarity appeared normal. This revealed that the range
of repolarization varied from zero to six cells, depending
upon the genotype and clone location (Figures 2C–2G).
For UAS-ds and UAS-RNAi-fj, the range of repolarization
was longest within the distal wing and shortest within the hinge
(Figures 2C–2G). Conversely, forUAS-fj andUAS-RNAi-ds, the
repolarization range was longest within the hinge and shortest
within the distal wing. BecauseDs expression is normally high-
est proximally and lowest distally, whereas Fj is highest distally
and lowest proximally (Figures 1D and 1E), these results imply
that the range of repolarization depends upon the difference in
expression. This suggests that there is a gradual dissipation of
repolarization: a larger expression difference would generate
a stronger repolarization of neighboring cells, which propa-
gates farther than an initially weaker repolarization. In addition,
longer extents of repolarization were observed in proximal
regions, particularly within the hinge, as compared to distal
regions. For example, both expression of UAS-ds in the distal
wing andUAS-RNAi-ds in the hinge result in strong differences
in Ds expression, but the range of repolarization was longer in
the hinge (Figure 2C).
We confirmed these effects of Ds and Fj on Dachs polariza-
tion through an independent approach involving quantitative
Figure 1. Fat Signaling and Dachs Polarity in the
Wing Disc
(A) Simplified schematic of the Fat signaling
pathway. Fat is regulated by Dachsous and
Four-jointed. Fat regulates Hippo signaling (red
arrows) through Dachs and regulates PCP sig-
naling (green arrows) partly through Dachs and
partly independently of Dachs.
(B) Schematic of wing disc with the Ds gradient
indicated in magenta, and the direction of Dachs
polarization is indicated by green arrows. The AP
and DV compartment boundaries are indicated
by thin black lines, and Wg expression is indi-
cated in red.
(C) Dachs:Cit polarization in a wing disc with
WT Ds and Fj expression, stained for Wg (red),
hh-Gal4 (yellow, revealed by Dcr2 staining from
a UAS-Dcr2 transgene), and E-cadherin (E-cad,
blue, outlines all cells). The polarity of Dachs
localization is indicated by small white arrows
pointing in the direction of Dachs:Cit membrane
localization. Large red arrow points to the DV
Wg stripe.
(D) Ds protein staining in a WT wing disc.
(E) Fj expression in a WT wing disc, revealed by
a fj-lacZ transgene.
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1303image analysis. By taking advantage of a slight offset between
the membrane localization of Dachs versus E-cadherin, we
were able to computationally derive a mean vector of Dachs
polarization within individual cells. This was used to score
anterior Dachs polarization in discs with altered Ds or Fj ex-
pression in posterior cells. This analysis confirmed that Dachs
could be repolarized at a distance, with differences in the
extent of repolarization between distal and proximal cells
(Figures S1D–S1G).
The observation that Fat-PCP can propagate through
tissues establishes that differences in Fj or Ds expression
can be sensed by cells at a distance through coupling of polar-
ization between neighboring cells. This implies that gradients
can be measured across a tissue, rather than just between
neighboring cells.
Polarization of Ds and Fat
One potential mechanism for propagation of Fat-PCP is polar-
ization of Fat and Ds. Overexpression or mutation of Fat or Ds
can relocalize its binding partner (i.e., Ds or Fat, respectively)
[5, 9–12]. Similarly, mutation or overexpression of Fj can alter
localization of Ds and Fat [5, 9–11, 13]. However, these manip-
ulations cause strong changes in relative expression, and it
had remained uncertain whether Ds and Fat are normally
polarized within endogenous gradients. We could not discern
polarization by direct examination of protein staining. Detect-
ing polarization by making clones of cells expressing a tagged
protein, as described above for Dachs, would obscure any
normal polarization of Ds and Fat, because of the relocaliza-
tion of Fat or Ds that occurs when their binding partner is
overexpressed. Thus, we employed amore complex approach
involving Bac clones expressing tagged forms of genomic
transgenes [14].
A 39 kb genomic fat construct with a V5-tag at the Fat
N terminus has been described [15]. We generated an equiva-
lent untagged genomic fat construct and both untagged
and hemagglutinin (HA)-tagged Ds genomic constructs, com-
prising 109 kb surrounding ds (Figures S2A–S2D). These
constructs were inserted at the same location, using phiC31-
mediated recombination [16]. They encode functional proteins,because they can rescue their respective mutants. We con-
structed flies heterozygous for the untagged and tagged
versions; they contain four copies of fat or ds (two from the
WT allele and two from the transgenes), but this does not result
in any visible phenotypes. Induction of recombination between
the tagged and untagged transgenes results in clones of cells
that either have two tagged transgenes and no untagged
transgenes, or two untagged transgenes and no tagged trans-
genes (Figure S2E), with the total copy number of Fat or Ds
unaltered. We then examined the staining of tagged proteins
along the edges of clones of cells with only untagged Fat or
Ds (Figures 3A and 3F; Figures S3E–S3G). We also stained
for the endogenous proteins to ensure that differences
detected reflected polarization, as opposed to differences in
focal planes or expression levels and considered the intensity
of staining of a clone marker (GFP), so that comparisons
would be made between cells with equal numbers of tagged
transgenes.
In preliminary analysis, Ds protein appeared polarized, with
stronger HA staining detected on cells proximal to unlabeled
clones than on cells distal to unlabeled clones (Figures 3A
and 3B; Figure S3F). Because this staining comes from neigh-
boring cells (Figure S2E), it is indicative of a polarized, distal
membrane localization for Ds. Conversely, Fat did not appear
polarized. To confirm this, we collected images of 80–100
clones from both the tagged-Fat and tagged-Ds experiments,
assigned random numbers, and then scored blind (i.e., without
knowledge of whether Ds or Fat was being scored). In this
blind scoring, 74% of Ds clones were scored as revealing
a polarization of Ds localization toward the distal side of cells,
8%were scored as revealing a proximal polarization, and 18%
were scored as revealing a lack of polarization (Figure 3C). By
contrast, 7%of Fat clones were scored as revealing a polariza-
tion of Fat localization toward the distal side of cells, 43%were
scored as revealing a proximal polarization, and 50% were
scored as revealing a lack of polarization (Figure 3E). Polariza-
tion of Ds or Fat could also sometimes be identified when
a single cell expressing a tagged transgene was bordered on
both proximal and distal sides by cells lacking tagged trans-
genes (Figures 3A and 3F).
Figure 2. Nonautonomous Repolarization of Dachs by Boundaries of Fj or Ds Expression
(A and B) Examples of wing discs with clones of cells expressing Dachs:Cit (green) from anAyDachs:Cit transgene. These discs are stained for expression of
Wg (red, marks DV boundary, highlighted by large red arrow), hh-Gal4 (yellow, revealed by expression of Dcr2 from aUAS-Dcr2 transgene), and E-cad (blue,
outlines cells). The polarity of Dachs localization is indicated by small arrows pointing in the direction of Dacs:Cit membrane localization; white arrows
indicate normal polarity, yellow arrows indicate repolarization. Panels marked prime show the Dachs:Cit channel only from the image to the left. These
animals also express either: UAS-ds (A) or UAS-fj (B).
(C) For each of four genotypes, comprising animals expressing the indicated transgenes under hh-Gal4 control, and in each of three regions (distal half of
the wing pouch, proximal half of the wing pouch, or dorsal hinge), we identified anterior Dachs:Cit-expressing clones near (within eight cells) of the
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However, in contrast to Dachs, for which membrane staining
is normally detected on only one side of a cell, membrane
staining of Ds is often detected on both sides of a cell but at
unequal levels. Fat also appears to be polarized, although its
polarization is weaker, such that it often falls below our ability
to discern it. One possible explanation for this is that Ds
expression is relatively low within the wing pouch (Figure 1D),
whereas Fat expression is relatively high [17]; a polarized
localization that is coupled to Ds-Fat binding would thus affect
a greater fraction of the available Ds than of the available Fat.
The more robust polarization of Dachs compared to Fat and
Ds suggests that there is an amplification mechanism that
operates downstream of Fat and Ds localization to enhance
Dachs polarization.
The polarization of Ds and Fat identifies modulation of
their localization as a potential mechanism for propagation
of Fat-PCP. Moreover, detection of this polarization in WT
implies that it normally makes a contribution to PCP. Because
proximal and distal cells are characterized by differences in
the levels of Ds and Fat, the hypothesis that polarization of
Ds and Fat contributes to propagation of PCP suggests expla-
nations for the greater range of Dachs repolarization in the
hinge compared to the distal wing. For example, if propagation
of Fat-PCP depends upon Ds, then repolarization could be
more extensive where Ds expression is higher than where it
is lower.
The distal localization of Ds in wing cells parallels the distal
localization of Dachs. Moreover, both Dachs and Ds often
appear to have a punctate localization profile at the mem-
brane, rather than smooth continuous staining [4]. Their
correlated localization extends to these puncta (Figure 3G).
However, Ds is not required for Dachs membrane localization,
because strong, unpolarized membrane localization of Dachs
is detected in ds mutant discs (Figure S3B), just as it is in fat
mutants [5].
Processing of Ds and Its Modulation by Fat
In Fz-PCP signaling, maintenance and propagation of polarity
depend both upon intercellular binding between distinct of
membrane complexes and an intracellular, mutual antagonism
between these complexes [18]. Intercellular binding between
Fat and Ds has been described [9–13]. To investigate the
possibility of intracellular antagonism between Fat and Ds,
we asked whether there are posttranslational modifications
of one protein that depend upon the other. An influence of
Ds on Fat phosphorylation has been described, but it only
influences Fat-Hippo signaling, not Fat-PCP [15, 19].
Examination of Ds protein in wing disc lysates revealed that
in addition to a band near the top of the gel, which could repre-
sent full length Ds (Ds-FL), two smaller bands, with mobilities
corresponding to approximately 150 kd (Ds-C150) and 210
kd (Ds-C210), were detected (Figure 4A). These bands were
confirmed as Ds polypeptides by their absence from lysatesAP compartment boundary. In each disc, the number of cells to the farthest Da
ment boundary was recorded (green). Because the clone frequency was relativ
a representative sampling was achieved by scoring many discs (for each geno
upper limit on the extent of repolarization, we also scored the closest Dachs
obtained in each case is presented using a ‘‘box andwhiskers plot,’’ where the b
and the line within the box indicates the median value (if no line is visible, the m
and if no box is visible, it indicates that the 25% and 75% values overlapped
distances obtained in that class.
(D–G) Schematics of wing discs, with Ds, Wg, and hh-Gal4 expression indicated
See also Figure S1.of ds mutant discs (the antisera also recognizes nonspecific
bands (NS), which are present in ds mutants). These bands
represent C-terminal fragments, because the Ds antisera is
directed against the cytoplasmic domain [20]. There are
several potential mechanisms by which smaller Ds polypep-
tides could be generated, such as proteolytic cleavage, alter-
native transcription starts, or alternative splicing. A prediction
of the endoproteolytic cleavage hypothesis is the existence
of complementary N-terminal Ds polypeptides. This was
tested using our genomic HA-tagged Ds transgene. In these
animals, anti-HA recognized a band near the top of the gel
with the same mobility as the largest band detected by anti-
Ds (Ds-FL) and also two smaller polypeptides, with mobilities
of approximately 270 kd (Ds-N270) and 220 kd (Ds-N220) (Fig-
ure 4B). These observations suggest that Ds can be endopro-
teolytically processed at one of two alternative sites, a more
N-terminal site, leading to Ds-N220 and Ds-C210 polypep-
tides, and a more C-terminal site, leading to Ds-N270 and
Ds-C150 polypeptides (Figure 4C). In most of the wing disc,
the anti-Ds and anti-HA localization profiles were not distin-
guishable (Figures S3D–S3F). The overall similarity between
HA and Ds staining patterns suggests that the N- and
C-terminal halves of Ds remain associated.
The total amount of Ds was not affected by fatmutation (Fig-
ure S3C). However, absence of fat had a significant effect
on Ds isoforms, as Ds-C210 increased, whereas Ds-C150
decreased (Figures 4A and 4D). The observation that these
are affected in opposite ways is consistent with the hypothesis
that Ds is subject to alternative, mutually exclusive processing
pathways. More importantly, it suggests that Fat modulates
this processing. When the N-terminal half of Ds was examined,
Ds-N270 was decreased in fat mutants, consistent with a
stoichiometric relationship between Ds-N270 and Ds-C150
(Figures 4B–4D). A subtle increase in Ds-N220 was observed,
but it was not statistically significant (Figure 4D). This lack of
effect on Ds-N220 does not fit the simple model of alternative
processing, and there may be additional effects of fat on
Ds-N220. Although further studies will be needed to clarify
the mechanism by which these Ds polypeptides are gener-
ated, and their significance to Fat signaling, the observation
that Fat influences the distribution of Ds isoforms is significant
in that it identifies a posttranslational influence of Fat on Ds
that might contribute to Ds polarization.
Establishment of Polarity by Ds and Fj Gradients
Our observation that differences in Fj or Ds expression can
alter Fat PCP at a distance and that Ds, and to a lesser extent
Fat, is polarized within the wing, together with other recent
studies [21, 22], imply that establishment of polarity in the
Fat PCP system relies not just upon direct interpretation of Fj
and Ds gradients but also upon amplification and propagation
of PCP. To achieve this, PCP models incorporate both asym-
metric intercellular signaling and antagonistic intracellular
interactions between complexes that localize to distinct sideschs:Cit clone with evident repolarization toward or away from the compart-
ely low, only a few relative positions are represented in each wing disc, but
type, between 50 and 100 clones were scored in total). In addition, to set an
:Cit clones without evident repolarization (red). The range of cell numbers
ox indicates the range of cell distances in themiddle 50%of the distribution,
edian overlapped the number of cells represented by the 25% or 75% value,
the median). Lines outside the box extend to the maximum and minimum
. Green arrows indicate direction and relative range of Dachs repolarization.
Figure 3. Polarization of Fat and Ds Localization in the Wing
(A) Example of a Ubi-GFP attB-P[acman-HA:ds+] FRT80 / attB-P[acman-ds+] FRT80 clones in a wing disc, stained for Ds (green/white) and HA (red/white)
and labeled by GFP (blue) as indicated. Orange arrows indicate observed polarity of HA:Ds localization, and yellow dots mark cells at clone edges. Orange
asterisk marks a cell expressing tagged Ds that has unlabeled cells on both its distal and proximal sides; this situation is rare, but when it occurs,
Ds polarization is evident.
(B) Shown is the same wing disc as in (A) but at lower magnification, and with Wg expression visible (red), the white rectangle identifies the location of the
image in (A).
(C) Summarized are the results of blind scoring of 73 clones for HA:Ds polarization.
(D) Shown is the same wing disc as in (F) but at lower magnification, and with Wg expression visible (red), the white rectangle identifies the location of the
image in (F).
(E) Summarizes the results of blind scoring of 101 clones for V5:Fat polarization.
(F) Example of a Ubi-GFP attB-P[acman-V5:fat+] FRT80 / attB-P[acman-fat+] FRT80 clones in a wing disc, stained for Fat (green/white) and V5 (red/white)
and labeled by GFP (blue) as indicated. Orange arrows indicate observed polarity of V5:Fat localization, and yellow dots mark cells at clone edges. Equal
sign indicates a clone where Fat was scored as not significantly polarized. Orange asterisk marks a cell expressing tagged Fat that has unlabeled cells
on both distal and proximal edges, and a slight polarization of Fat is evident.
(G) Close-up of a portion of a wing disc with a Dachs:Cit-expressing clone (green), Stained for expression of Ds (red). Panelsmarked by prime symbols show
individual stains of the image to the left. See also Figure S2.
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Figure 4. Endoproteolytic Processing of Ds
(A and B) Western blot on lysates of wing discs, from ds mutant (dsUA071/
ds36D), WT, HA:Ds-expressing, and HA:Ds-expressing fat mutant (fat8/
fatG-rv). The left lane contains size markers of the indicated molecular
weights. The presumed identities of bands in other lanes are indicated by
the labels to the right. The same membrane is depicted in both panels;
(A) shows the results of anti-Ds staining, and (B) shows the results of anti-
HA staining.
(C) Schematic of Ds protein. Upper indicates the approximate locations of
endoproteolytic cleavage sites (red arrows) and the resulting polypeptides
and the epitopes of antisera used. Ovals indicate cadherin domains, and
the transmembrane domain is indicated by the thin rectangle. Lower indi-
cates the Ds isoforms that could result from cleavage at the two different
sites.
(D) Quantitation of Ds processing. The fraction of Ds in each of the three
bands detected by each antisera was calculated by summing the intensities
of all bands. Scale bars show the average results from six western blots
on three independently prepared lysates; error bars indicate SEM. The in-
fluence of Fat on Ds processing was significant by t test evaluation of the
differences between the fractions of the isoforms indicated by gray bars
and asterisks (Ds-N270, p = 0.025, Ds-C210, p = 0.0008, Ds-C150, p =
0.0004). For Ds-N220, the difference was not significant (p = 0.36). See
also Figure S3.
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lished, but on its own, this would not propagate polarity from
cell to cell. However, incorporation of a local, intracellular
antagonism of Ds by Fat activity could polarize Ds localization,which could then enable Fat-PCP to propagate. We hypothe-
size that Fat regulates Ds by influencing production or stability
of processed Ds isoforms.
The propagation of polarity means that Fat-PCP is influ-
enced not only by the local gradient but also by differential
expression at a distance. Strong repolarization of Dachs was
dependent upon having substantial differences in expression.
Notably, strong differences in expression of both Fj and Ds
normally occur in the proximal wing (Figures 1D and 1E),
and these differences have significant effects on Fat activity
[9, 24]. Both our measures of the range of Dachs repolarization
and mathematical modeling [25] suggest that the Fj/Ds
expression boundary in the proximal wing would not be suffi-
cient to direct Fat-PCP across 30 or more cells, as would be
required at late third instar. However, at early third instar,
when the developing wing is small, a mechanism that propa-
gates PCP from an expression boundary for several cells could
in principle be sufficient to establish PCP throughout the wing.
Once established, the mechanisms that allow Fat-PCP to
propagate could also help maintain Fat-PCP as the wing
grows. In this case, the Fj and Ds boundaries at the edge of
the developing wing would be the main drivers of polarity,
rather than the shallow gradients of their expression within
the wing itself.
Supplemental Information
Supplemental Information includes three figures and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2012.05.049.
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